The Onsager theory of hard rod dispersion in a neutral solvent is extended to a case of two-component dispersion consisting of both non-magnetic and magnetic rods. It was found that the alignment of magneto-sensitive dispersion component by a magnetic field leads to the alignment of non-magnetic component in the dispersion and to an elimination of the isotropic phase. This effect is significant even at low relative concentrations of magnetic rods and leads to a magnetically induced anisotropy in a non-magnetic dispersion of rods mixed with the magnetic ones.
Introduction
In 1925, Zocher [1] discovered that the phase state of V 2 O 5 aqueous colloidal suspension depends on the volume fraction of V 2 O 5 : at low fractions, the suspension was optically isotropic; at the volume fraction φ = 0.4%, the suspension was separated into isotropic and anisotropic phases coexisting in equilibrium; and at φ > 0.6%, the suspension became optically anisotropic. Such behaviour is typical for what was later called lyotropic liquid crystals [2] . Later, the formation of anisotropic phase in systems of sterically interacting hard rods was theoretically described by Onsager [3] . Onsager compared the orientational entropy of the system of hard rods that results in their orientational disordering and the packing entropy of rods that is related to the excluded volume effect and results in the ordered packing of rods. Depending on the concentration, the competition between those effects resulted in the isotropic, nematic and coexisting nematic-isotropic phases of the hard rod suspension. In 1984, Lekkerkerker and co-workers [4, 5] extended the Onsager theory to the twocomponent suspension of hard rods with two different lengths. It was found that the orderings of long and short rods are different in the nematic phase, and the longer particles are aligned better than the shorter ones. This conclusion confirmed the suggestion made earlier by Onsager [3] .
In this paper, we consider a two-component suspension of hard rods, one of the components being subject to the action of an external magnetic field. Specifically, we apply the extended Onsager-Lekkerkerker theory to describe a two-component suspension of hard rods with two different lengths. One of the suspension components is magnetically sensitive and consists of rods with magnetic dipoles oriented along their long axes. It appears that the phase diagram of such a suspension in the magnetic field is changed. In particular, the orientation of magnetically sensitive rods by the magnetic field results in disappearance of the isotropic phase in the suspension. In other words, magnetically induced orientation of magnetic rods leads to the orientation of the non-magnetic component. This phenomenon is significant even if the concentration of magnetic rods is much lower than that of non-magnetic rods. It results in the strong effects of magnetically induced anisotropy in the hard rod suspensions doped with a small amount of magnetic rods, which was recently observed by Reznikov et al. [6] 
Theory
Consider the dispersion of two kinds of hard rods in a neutral solvent. The rods of the first kind are not sensitive to a magnetic field (rods 1) and the rods of the second kind have magnetic moments along their long axis (rods 2). Let a suspension consisting of N 1 rods 1 with length L 1 and diameter D 1 and N 2 rods 2 with length L 2 , diameter D 2 and magnetic moment m be in a dialytic equilibrium with a neutral solvent at temperature T in the magnetic field H. Following the approach of Onsager and Lekkerkerker, the excess of Helmholtz free energy over the free energy of the solvent, F, is determined by the functional
where (1 − x) is the mole fraction of rods 1, x is the mole fraction of rods 2, N = N 1 + N 2 is the total number of particles, c = N/V is the rod concentration,
, β is the angle between H and m, a = (mH)/(k B T), and σ j and ρ ij are the functionals that depend on the angular distribution of the long axis of rods 1, f 1 (Ω), and the angular distribution of the magnetic moments of rods 2, f 2 (Ω),
where γ is the angle between two vectors defined by the angles Ω and Ω . The distribution functions f 1 (Ω) and f 2 (Ω) satisfy the following normalization conditions: In free energy (2.1), the term μ 0 describes the chemical potential of the system, the term In this article, we consider the case when the magnetic dipole-dipole interaction between rods 2 is much less than the steric interaction between the rods. Moreover, the magnetic interaction between rods 2 and H is lower than the thermal energy k B T,
Consider a change of phase diagram for a one-component dispersion of rods 1 at its doping with magnetic rods 2 oriented by a strong magnetic field (a 1). According to the Onsager method of free energy minimization for monodispersed rods [3] , the distribution of rods 1 is described by the trial function 6) where the parameter q ≥ 0. In the case of low anisotropy of distribution function f tr 1 (i.e. when q 1), free energy (2.1) for pure dispersion of rods 1 looks like [3] 
When the effective concentration of rods 1, cb 11 , is not larger than the critical value of 4, the minimum of free energy (2.7) corresponds to q = 0, and the distribution of rods 1 is isotropic. When cb 11 > 4, the minimum is realized at q > 0 and the distribution of rods 1 is anisotropic, which corresponds to the formation of a nematic phase. The addition of magnetic rods 2 to the dispersion of rods 1 (i.e. at x > 0) results in qualitative changes to the system phase diagram. In this case, equation (2.7) takes the form
Here, the term 2cb 11 x(1 − x)ρ 12 describes steric interaction between rods 1 and rods 2. In a strong magnetic field, the amplitude of interaction between rods 2 and the magnetic field is much larger than the steric interaction between the rods, i.e. a cb 22 and a cb 12 . In this case, the angular distribution of rods 2, f 2∞ , takes the Boltzmann form:
According to Onsager [3] , integral (2.3) for the distributions f tr 1 and f 2∞ reads
For a large magnetic field, a q and equation (2.10) can be simplified to
where I 1 is the modified Bessel function of the first kind [7] . For small q-values, the power series of (2.11) is The substitution of expression (2.12) into formula (2.8) and the following minimization of the obtained functional leads to the equation
When cb 11 (1 − x) < 4, this equation has two non-negative roots: q = 0 and
The root q corresponds to the global minimum of free energy (2.8). It means that an addition of magnetic rods 2 aligned by the magnetic field to a dispersion of non-magnetic rods 1 results in the anisotropic distribution of non-magnetic rods 1. The order parameter of this distribution,
transforms to
provided that the trial function f 1 = f tr 1 and q = q . One can see that for low concentrations of rods 1, cb 11 (1 − x) 4, which corresponds to the isotropic phase of a pure suspension of rods 1, the order parameter for rods 1 is proportional to the concentration of rods 2, cx, and the amplitude of interaction between rods 1 and rods 2, b 12 .
For example, for a two-component suspension of rods 1 and rods 2 with equal sizes, equal partial concentrations, x = 0.5, and the total concentration being half of the critical one, cb 11 = cb 12 = 2, the order parameter of rods 1 is 0.33. This value is high enough to be observed experimentally, e.g. by birefringence measurements.
Expression (2.15) is valid only for the case of strong magnetic field, a cb 12 and a cb 22 , and small ordering of rods 1, q 1. To obtain the angular distributions of rods 1 and rods 2 without those restrictions and to obtain the phase diagram of two-component suspension at any magnetic field strength, we applied numerical methods aimed at minimizing basic functional (2.1).
For a given thermodynamic state of the system, (c, x, a), one can construct a Lagrange functional 
Here, λ 1 = −λ 1 − 1 and λ 2 = −λ 2 − 1 are the coefficients that take into account normalization conditions (2.4). Equations (2.17) describe the distributions of rods 1 and rods 2 in a homogeneous region. The biphasic coexistence region is described in appendix A.
There are several methods of solving equations (2.17). In the case of one-component suspension and no magnetic field, equations (2.17) were solved for the first time by Lasher in his work [8] . Then Kayser & Raverché [9] used the bifurcation theory to investigate the existence of all possible multiple solutions of the integral equation. Herzfeld et al. [10] solved the problem by using the numerical iteration method, which we used in our work.
The results of numerical solutions of equations (2.17) in the whole range of rod concentrations allowed us to build up the phase diagram of the system for a given magnetic field value. These diagrams were plotted in the coordinates (e, x), where e = cb 11 = cb 12 concentration, which takes into account the steric interaction between them. As an example, the calculated diagrams for the case of equal sizes of rods 1 and rods 2 are presented in figure 1 for two magnetic field values. At a zero magnetic field, rods 1 and rods 2 are indistinguishable, and the phase diagram is reduced to the case of a one-component system (figure 1a). In agreement with Kayser & Raverché [9] and Herzfeld et al. [10] , the system has only one or two local minima of its free energy, depending on the concentration. At e ≤ 3.29 (region I in figure 1a) , the global minimum corresponds to the isotropic distribution of rods. At e ≥ 4.19 (region N), the axial anisotropic distribution of rods forms a nematic phase in the suspension. If the concentration falls within the range 3.29 < e < 4.19 (region N + I), the system becomes separated into an isotropic phase with the concentration e = 3.29 and an anisotropic one with e = 4.19. In contrast to the cases when the rods are non-sensitive to the magnetic field or when the magnetic field is absent, the system with magnetically sensitive rods is always anisotropic in a magnetic field (figure 1b). Note that if the two-phase region of non-magnetic suspension consists of coexisting isotropic and nematic phases (region N + I), the two-phase region of magneto-sensitive suspension consists of two nematic phases with different concentrations of rod components (region N 1 + N 2 ) .
The suspension in the coexisting phase region N 1 + N 2 (figure 1b) decomposes into two homogeneous coexistent nematic fractions, N 1 and N 2 , at the boundary between the coexisting phase region and homogeneous phase region (see appendix A and table 1). The first three columns in table 1 represent the concentration x, the composition e and the order parameter S 1 in the phase N 1 and the last three in the phase N 2 .
The dependencies of the ordering of rods 1 and rods 2 on the magnetic field for the isotropic (e = 2) and nematic (e = 5) suspension phases are presented in figures 2 and 3. In the absence of steric interaction between rods 2 and rods 1, the distribution of rods 2 is described by the Boltzmann function (no-interaction curve in figure 2a) . In this case, the magnetic field does not influence the ordering of rods 1, and the order parameter of rods 1 is constant ( figure 2b) . The steric interaction between the rods in isotropic phase (e = 2) results in an axial orientation ordering of rods 1 along the magnetic field ( figure 2 ). In the case of nematic phase (e = 5), the steric interaction improves the ordering of rods 2 along the magnetic field ( figure 3) .
The values of the order parameter S 1 of rods 1 estimated by formula (2.15) for high magnetic fields are depicted in figure 2 quantitatively the rod ordering at high magnetic fields and at low concentrations of rods 2, i.e. at low x.
Estimations
An important conclusion of the results of our calculations is that the magnetically induced order parameter of non-magnetic component is high and can be comparable with that of the nematic phase of hard rods. Therefore, strong effects of magnetically induced anisotropy may be expected in the suspensions of hard rods, e. We will make estimations for aqueous suspensions of V 2 O 5 ribbons, which are typical systems showing the isotropic-nematic phase transition. Their main physical properties were recently reviewed by Davidson [11] . Typically, V 2 O 5 ribbons are approximately 300 nm long, 25 nm wide and 1 nm thick, and they are charged. The isotropic-biphasic and the biphasic-nematic transitions in the suspension occur at V 2 O 5 ribbon volume fractions of about 0.4 per cent and 0.6 per cent, respectively, which corresponds to the Onsager theory of steric interaction applied to charged hard rods 320 nm in effective length and 55 nm in diameter.
First, consider the magneto-anisotropic properties of V 2 O 5 suspension mixed with ferromagnetic goethite rods. The main physical properties of goethite were described in earlier studies [12, 13] . Goethite magnetic nanorods have a lath-like shape of a typical size of 330 × 40 × 18 nm 3 and a small permanent magnetic moment of 1.1 × 10 −17 emu. Here, we neglect the anisotropic magnetic permeability of goethite rods. The suspension of goethite rods has a biphasic-nematic transition at a volume fraction of 7.5 per cent, and it is described by the Onsager theory for charged hard rods (with an effective length of 355 nm and a diameter of 61 nm). The dependence of magnetically induced order parameters of goethite and V 2 O 5 components with the volume concentrations φ G = 1% and φ V = 0.2%, respectively, on the magnetic field are depicted in figure 4a . One can see a non-threshold ordering of V 2 O 5 ribbons, which is almost proportional to the magnetic field up to H = 10 kOe. If the magnetic field increases further, the goethite ordering One can see that the ordering of ribbons is close to the ordering of goethite; the components are coupled so strongly that the system behaves almost as a one-component suspension. Goethite is a weak ferromagnetic material. Therefore, in the estimations shown above, the field and the fraction of magnetic component, which are needed for the ordering of non-magnetic component, are high. At the same time, an effective control of non-magnetic component requires a weak field and a low fraction of magnetic component. From this point of view, doping of V 2 O 5 suspension with strongly ferromagnetic Ni nanorods looks promising. According to Gunter et al. [14] , Ni nanorods can possess a magnetic moment of 5 × 10 −14 emu. In this case, the application of Ni nanorods 240 × 28 nm 2 in dimensions results in the ordering of V 2 O 5 ribbons (see figure 5 obtained for a relatively small molar fraction of Ni nanorods, x = 0.135). One can see that in this case the characteristic magnetic fields needed for the alignment of V 2 O 5 ribbons change from the range of several thousands to tens of oersteds. These fields are of the same order of magnitude as those applied to standard thermotropic liquid crystals in optics devices.
Conclusion
The extension of the Onsager-Lekkerkerker theory for a two-component hard rod suspension to the case when one of the components is sensitive to an external field shows that the field-induced ordering of this component leads to the ordering of the other component. In contrast to the cases when the rods are non-sensitive to the magnetic field or when the magnetic field equals zero, the system with magnetic sensitive rods is always anisotropic in a non-zero magnetic field. The phase diagram of magneto-sensitive suspension includes a region where two nematic phases with different component concentrations and orderings coexist in a magnetic field. The effect of fieldinduced ordering in the field-insensitive component should not be restricted to the considered case of magneto-sensitive rods in a magnetic field. We believe that analogous effects can take place with electric and optical fields as well. It opens good perspectives for the application of Onsager-like liquids in electro-, magneto-and nonlinear optics.
